Sets of powerful microwave diagnostic systems have been developed on the HL-2A tokamak, including 18 subsystems with high spatial and temporal resolutions. These systems have been applied in the HL-2A tokamak experiments to investigate the core plasma transport, turbulence, MHD, energetic particle physics and so on. In this paper, the microwave diagnostics and their applications are reviewed. Some new technologies, including GHz sampling digital correlation electron cyclotron emission (DCECE), multi-channel correlation reflectometers, and solid state terahertz interferometers, are also presented in the paper.
Introduction
Measurements of the plasma parameters, including electron density profiles, electron temperature profiles and their fluctuations, are of high priorities in the research of magnetohydro-dynamics (MHD), plasma turbulence and transport [1] [2] [3] [4] . Among them, the microwave diagnostics, such as interferometer, reflectometer, and electron cyclotron emission (ECE), are a type of radar technique for diagnosing the electron density and temperature in fusion plasmas [5, 6] . The microwave interferometer is a well-established technique to measure the line-averaged plasma density and the density fluctuations [5] . The reflectometers are widely applied to measure the density profiles with high temporal and spatial resolutions [6] . The ECE and ECE imaging (ECEI) have become a standard technique to measure the electron temperature profiles and fluctuations, which are commonly used for the studies of MHD instabilities and electron heat transport [1, 5, [7] [8] [9] . The Doppler backward scattering (DBS) reflectometer has proven to be a powerful technique to study the physics of L-H transition, plasma transport, geodesic acoustic modes (GAM), and zonal flows through measurements of the perpendicular velocity of density fluctuations, their fluctuation intensity, and the radial electric field in plasmas [2, 10, 11] . With the characteristic of local measurement, good accessibility, and without external perturbation to plasmas, more and more attentions have been paid to microwave diagnostics by scientists, and some new techniques have been developed and applied to the hardware development, signal processing and data interpretation in recent twenty years. So far, significant progresses have been made, especially on ECEI, microwave imaging reflectometry (MIR), multi-channel DBS reflectometer and high temporal resolution frequency modulation (FM) reflectometers [12] [13] [14] [15] [16] [17] [18] [19] .
This paper is a report of the microwave diagnostic development on the HL-2A tokamak in the last ten years. Over 18 microwave diagnostics are reviewed. Three underconstruction diagnostics are presented in detail. The remain part of this paper is organized as follows: an overview of the microwave diagnostics development is presented in section 2; three under-construction microwave diagnostics, including GHz sampling digital correlation electron cyclotron emission, multi-channel correlation reflectometer, and solid state terahertz interferometer are described in section 3; and the summary is given in section 4.
Overview of microwave diagnostics on HL-2A
The starting point in the development of microwave diagnostics for the HL-2A tokamak is to support the advanced plasma physics program [20] , and to challenge some new measurement techniques for ITER, CFETR and future fusion reactors [21] . The microwave diagnostic systems developed on the HL-2A tokamak are shown in table 1. About 18 subsystems have been developed and contributed to the routine plasma parameter measurements and the plasma physics study on HL-2A. To support the turbulence and transport study, measurements of plasma parameters including electron temperature, electron density, turbulence and plasma rotation with high spatial and temporal resolutions are required. The layout of the microwave diagnostic systems is shown in figure 1 . Three microwave interferometer systems are developed to measure the plasma line-averaged density and density fluctuations in the main plasma and divertor regions [22, 23] . The multi-channel ECE and ECEI are developed to measure the electron temperature profiles and fluctuations [24] [25] [26] [27] [28] [29] [30] . Three frequency modulation continuous wave (FMCW) reflectometers and two amplitude modulation (AM) reflectometers are developed to measure the density profiles from low field side in the horizontal plane [31] [32] [33] [34] . Two sweeping DBS reflectometers and four by four fixed-frequency DBS reflectometers are developed to measure the profiles of the plasma rotation and turbulence [15, 35, 36] .
Microwave interferometers
Three microwave interferometer systems have been developed to measure the plasma line-averaged density and the density fluctuations [22, 23] . As shown in figure 1 , two divertor interferometers are installed in the inner and outer divertor legs, respectively. Since the typical density in divertor is lower than 0.5×10 19 m −3 , the microwave frequency is set at 35 GHz, which corresponds to the cut-off frequency of 1.5×10 19 m −3 . However, in the high-density and H-mode plasmas, the density in divertor is higher than 1.5×10 19 m −3 , leading to the cut-off of the interferometer signals. Therefore, a new interferometer with higher microwave frequency will be scheduled to develop for high density operation. In the main plasma, a multi-channel microwave interferometer system has been developed. Its working frequency is well designed to reduce the fringe jump effect. Taking the structure of HL-2A into account, the antennas are installed in horizontal direction, i.e. one launcher in high field side (HFS) and four receivers in low field side (LFS). In order to ensure enough power in each receiver, a microwave source with the output power of ∼21 dBm is used and a low gain horn is designed as the launcher. The microwave propagates from HFS to LFS in plasma. The centers of four chords locate at r=5 cm, 11 cm, 18 cm, and 24 cm, which correspond to inside q=1 surface, around q=1 surface, q=1.5 surface, and q=2 surface, respectively. The fan-shaped measurement area covers those regions where the MHD instabilities are most active on HL-2A. Its fan-shaped antenna arrangement is convenient to expand to more than four channels in the future. The heterodyne technique is used in the interferometer system, leading to high resolution for density fluctuation measurement (temporal resolution: <1 μs). This system provides a critical experimental evidence in the study of nonlinear behaviors of the toroidal Alfven eigenmode during neutral beam injection [38, 39] .
ECE radiometers
Two ECE radiometers have been developed to measure the electron temperature profile and its fluctuations [8, [24] [25] [26] . The first type is the 2 mm sweeping heterodyne radiometer [25] . A wide band backward oscillator (BWO) is used as the local oscillator. The range of sweeping frequency is between 104 GHz and 181 GHz, which enables us to measure the higher harmonics of the ECE spectrum. The dwell time for each frequency step is set at about 200 μs. Signals of 20 channels can be obtained in one sweeping frequency covering from 104 GHz to 181 GHz within 4 ms. The temporal, spatial and frequency resolutions are 4 ms, 3 cm and 3 GHz, respectively. To improve the temporal and spatial resolutions of ECE measurement, a multi-channel heterodyne ECE radiometer was developed [24] . This system has a tunable LO source in the RF box, which is obtained from an active frequency multiplier driven by a synthesizer, leading to a very wide coverage of the 2nd harmonic ECE frequency (from 51 GHz to 140 GHz). As a result, the entire temperature profiles can be obtained with the toroidal field range from 1.1 T to 2.3 T. The ECE signal from the plasma is downconverted to intermediate frequency (IF) in the microwave mixer with the LO frequency. The frequency range of the IF signals is 1-33 GHz. To improve the spatial resolution, a low insert loss multiplexer array is used to extend the IF signals into 64 channels, based on the earlier 32-channel ECE system which was developed in 2013 [24] . Each channel has an IF bandwidth of 500 MHz. Since the spatial resolution is determined by the IF bandwidth and the toroidal field, the spatial resolution of the new ECE system is upgraded to about 1.0 cm/0.5 cm when the toroidal field is 1.2 T/2.3 T. The key technique of this heterodyne ECE radiometer is the gain control of the IF system. To ensure each detector with linear output response, a variable gain IF amplifier is used before the multiplexer. The tunable LO source in the RF box provides high flexibility to shift the measurement region. If the change of the LO frequency is equal to frequency interval of the IF channels, the measured position of one channel can be exactly overlapped with the next channel. In this case, the system can be relatively self-calibrated if the electron temperature is constant. The upgrade of the multi-channel ECE system provides significant capabilities for experimental observations. The features of electron heat transport in H-mode pedestal and long-range correlation of turbulence during nonlocal transport have been studied for the first time by using the new ECE system [8, [40] [41] [42] [43] . Due to its high spatial resolution and local measurement, the locations of the MHD modes such as fishbone, tearing mode, and neoclassical tearing mode (NTM), and the turbulence transport inside the magnetic island, have been observed [27, 44, 45] .
Density profile reflectometers
Two types of the density profile reflectometers have been developed and contributed to the routine density profile measurements [31] [32] [33] . The first type is the AM reflectometer, which is a technique to detect the envelope phase of the amplitude-modulated microwave. Two AM reflectometers have been installed in ordinary mode polarization to measure the density profile at low field side, covering the Ka-band (26-40 GHz), and U-band (40-60 GHz), respectively. Since the BWO is used as the microwave source, the frequency interval of a full-band sweeping should be lower than 1 kHz. As a result, the temporal resolution of the AM reflectometer is about 1 ms. To increase the temporal and spatial resolutions of density profile measurement, three reflectometers with FMCW technique are developed. The FMCW systems utilize a wideband voltage controlled oscillator (VCO), a single side band (SSB) modulator and an active multiplier for broadband coverage and detects as heterodyne mode [16] . To obtain a pure probe wave, the side band suppression of the SSB modulator is higher than 20 dB in the full frequency band. Three FMCW reflectometers have been installed and operated in extraordinary mode polarization on HL-2A to measure density profiles at low field side, covering the Q-band (33-50 GHz), V-band (50-75 GHz), and W-band (75-110 GHz), respectively. Due to the excellent properties of the upgrade VCO and electronics, three FMCW systems have ultrafast sweeping capabilities allowing full-band measurements in about 10 μs [33, 34] . The density profile behaviors of the fast plasma events, such as disruption, ELMs have been observed. This demonstrates the powerful capability of the ultrafast FMCW reflectometers on HL-2A.
Doppler backward scattering reflectometer
The basic requirements of the DBS measurement are the quadrature phase measurement and the tilt antenna system with respect to the normal cut-off surface. For the purpose of principle verification, two homodyne O-mode fixed-frequency reflectometers were used for DBS measurement in 2008 [35] . The changes of the power spectra caused by turbulence rotation have been observed with Ohmic and ECRH heating. However, the direction of the turbulence propagation cannot be distinguished due to the homodyne detection. After the prototype test on HL-2A, two types of the DBS systems with quadrature phase demodulation technique have been developed. The first type is the hopping DBS system, which is developed to measure the plasma rotation profile. Two hopping DBS systems with the working frequencies of 26-40 GHz (Ka-band) and 40-60 GHz (U-band), are installed in extraordinary mode polarization, respectively. The main feature of the hopping DBS reflectometer is its working frequencies can be tuned to any selected frequency values inside the frequency band with about 0.1 millisecond [27, 36] . However, the density fluctuation and plasma rotation velocity often change rapidly [46] . The frequency hopping DBS reflectometer system cannot detect rapid variations of the turbulence and plasma rotation. The multiple-simultaneouschannel DBS system provides significant flexibility for experimental observations, especially for the fast variation phenomena, like L-H transition, ELMs and nonlinear interaction of turbulence. To measure the density fluctuation and poloidal rotation profile simultaneously, four four-frequency (16-fixed frequencies) DBS systems have been developed on the HL-2A tokamak [15] . The unique feature of the multichannel DBS system is the development of the filter-based feedback loop microwave source (FFLMS) technique. The technique can generate a microwave signal with low phase noise and low power variation compared with the present tunable frequency generation and comb frequency array generation techniques [14, 15] . The low insert loss multiplexer is used as the power divider/combiner. The power variation of all frequency components at the launcher is smaller than 4 dB. The working frequencies are 17-24 GHz (K-band) and 31-38 GHz (Ka-band) with a frequency interval of 1 GHz. Therefore, 16 detection radial points can be detected simultaneously. They are designed to measure the localized intermediate wave-number (k ⊥ ρ∼1-2, k ⊥ ∼2-9 cm
) density fluctuations and the poloidal rotation profiles at low field side. Due to its low-phase noise and low-power variation, the multichannel DBS reflectometers have proved its capabilities in the turbulence measurement [10, 11, 36] . To satisfy the measurements in high plasma parameters, the working frequency of DBS system should be upgraded to higher frequency band. Based on the FFLMS technique, two new 8-channel DBS systems with the frequency of 30-50 GHz (Q-band) and 50-75 GHz (V-band) are developed and bench tested, and will be installed on HL-2A in next campaign. The new developed Q/V bands multi-channel DBS systems will also be delivered to MAST-Upgrade under the SWIP-CCFE collaboration [37] .
Microwave imaging systems
Microwave imaging diagnostic systems have made important contributions to plasma physics study and have been adopted at major fusion facilities worldwide [7, 19] . The ECEI and MIR systems have been developed to visualize the two/threedimensional (2D/3D) density and temperature fluctuations on the HL-2A tokamak [12, [27] [28] [29] [30] . The ECEI system is developed in collaboration with UC Davis [19, 27, 28] . It is comprised of a quasi-optical system, a front-end 24 channel heterodyne imaging array with a tunable RF from 60 GHz to 135 GHz, and a set of back-end ECEI electronics that together generate 24(poloidal)×16(radial)=384 channel images of the 2D temperature fluctuations. The ECEI instrument is the third generation system with improvements in dual dipole antennas, mini-lenses, zoom optics, and electronics. One of the most important features of the ECEI system is that it has two independent LO sources, which enable us to shift the measurement region for different experimental requirements. It is very useful to observe the temperature fluctuations at different locations. The optical system has been optimized to match the curvature of the field [13] . This system has been installed and successfully operated on the HL-2A tokamak, and 2D structures of the MHD activities, such as double e-fishbones, tearing mode, sawtooth crash and Alfven eigenmodes, have been clearly observed [9, 28, 29] . The MIR system comprises a quasi-optical system, a four-frequency microwave source and a 16-antenna (8 in poloidal and 2 in toroidal) receiver system that generate 8 (poloidal)×4 (radial)×2 (toroidal)=64 channel images of the density fluctuations. To simplify the optical system, the microwave quadrature mixers are driven directly by the local oscillator. As a result, only one beam splitter is used in the optical system. The key issue of the microwave imaging system is the matching between the focusing image surface and the detector surface. An adjustable horn antenna system is designed, which provides significant flexibility to match the focal surface of the quasi-optical system to the cutoff layer in the plasma. By using this system, radial and poloidal correlations of the turbulence during nonlocal transport, have been obtained [42] . The techniques of the adjustable horn antenna design and the mixers directly driven by microwave amplifiers can optimize the optical system and simplify the focal plane matching. These techniques will be considered in the upgrade of the ECEI system in near future. Due to the space limitation, the ECEI and MIR systems need to separately utilize the same port window with a height of 600 mm and width of 140 mm, located at 662 mm from the plasma center [47] . To enable simultaneous measurement, a combined design of MIR/ECEI optical systems with the above mentioned techniques is carried out on the next generation of the microwave imaging systems on HL-2A and HL-2M.
New developing diagnostics
3.1. GHz sampling digital correlation electron cyclotron emission ECE has become a standard technique for electron temperature measurement. However, there is an inherent limitation for a typical ECE signal on detecting the lowest level of electron temperature perturbations, especially the high frequency fluctuations (20-500 kHz) which may be related to turbulence. A technique, known as correlation electron cyclotron emission (CECE) will eliminate the thermal noise and increase the sensitivity for measurement, and has been successfully used on some fusion devices [48] [49] [50] . The typical method used in the CECE relies on the spectral decorrelation properties of the thermal electron cyclotron emission. The thermal noise components of the two channels will be completely incoherent if the detected signals originate from different frequency bands. The sensitivity of ECE radiometer to low amplitude broadband fluctuations is determined by the bandwidths of IF and video frequency. By appropriate selection of the IF and video bandwidths, the sensitivity of the CECE can approach to about 0.1%, which is better than the typical relative electron temperature fluctuations in tokamak plasmas (about 0.5% to 2%). In a multichannel CECE, the IF signal will be divided by a power divider, and then be processed by an amplifier, band pass filter and detector. To satisfy the spectral decorrelation, the bandwidth of IF and video frequency should be carefully selected [49, 50] .
To simplify the measurement, a gigahertz (GHz) sampling digital correlation electron cyclotron emission (DCECE) is proposed in this work. The IF system of DCECE can be greatly simplified and the IF signals can be acquired directly with the gigahertz acquisition technique. Since the IF signals are acquired directly, this provides significant flexibility to the data analysis. The RF box of the DCECE system is similar with the traditional ECE diagnostic. The IF signal from RF box is amplified by a wideband IF amplifier, then it is acquired with an oscilloscope, which has a sampling rate up to 40 GSa/s, bandwidth of 8 GHz, storage depth of 32 M. The trigger time can be set as required. The measurement range of the DCECE diagnostic in the HL-2A plasma is illustrated in figure 2 . It can cover about 40% of the minor radius. The acquired data can be divided into multi-channels with digital bandpass filter or digital heterodyne method. By using Hilbert transform, the envelope of the bandpass filtered signal can be obtained, which is proportional to the temperature fluctuation. Since it is very convenient to change parameters of the digital bandpass filter, ultra-high spatial resolution of temperature fluctuation can be achieved. Figure 3 shows the electron temperature fluctuations measured by DCECE during recovery of an ELM event. An outward spreading of the temperature fluctuations in the scale of millimeter is observed near the q=1 surface. 
Correlation reflectometer
To measure correlations of the plasma fluctuations, a fourchannel correlation reflectometer system has been developed. Figure 4 shows a schematic diagram of the four-channel correlation reflectometer, which is a homodyne system with quadrature phase detection. Four synthesizers with the frequencies of 32, 34, 36, and 38 GHz are used as the microwave sources. To improve the frequency stability and phase noise, a 100 MHz constant-temperature crystal oscillator is used as a reference source for the four synthesizers. By using a threeway power divider, the microwave signal from each synthesizer is power divided into one probe wave and two reference waves. The four probe waves are combined in a low insertion loss (IL) multiplexer (IL<2.0 dB). The combined microwave signal is launched into the target plasma through the horn launchers. The reference waves are separately used to drive the microwave quadrature (I/Q) mixers. For the correlation measurement, two horn receivers are installed at different poloidal/toroidal positions to receive the reflected waves from plasma. To separate the reflected waves from different cut-off surfaces, the received waves from plasma are power divided and bandpass filtered into four channels with the frequencies of 32, 34, 36, and 38 GHz. Then, the four filtered waves are separately demodulated with the reference waves in the microwave I/Q mixers. Finally, the I/Q signals are low pass filtered, video amplified and acquired by the digitizers. To measure 3D correlations of the plasma fluctuations, several antennas are installed in different poloidal and toroidal locations. Figure 5 shows the arrangement of the antennas for correlation reflectometer system. For poloidal correlation measurement, two symmetric antenna pairs are equipped above and below the equatorial plane with a poloidal distance of about 30 cm, which corresponds to the poloidal angles of ∼0.7 rad. In the toroidal direction, there are several antennas available for detecting the long-range correlation. Figure 6 shows the radial and poloidal cross-power spectra in a typical nonlocal discharge induced by supersonic molecular beam injection. The cut-off radius is about r/a∼0.9, and the radial distance between the two adjacent channels is about 1 cm. The power spectrum is obtained with ensemble average technique. The radial cross power is almost not changed with and without nonlocal in the low frequency range ( f<30 kHz). But for the poloidal cross power, it is increased in the low frequency range ( f<30 kHz) and is decreased in the high frequency range ( f>100 kHz). This might suggest that the poloidal elongated structures become dominant during nonlocal transport.
Solid state terahertz interferometer
Using an interferometer is a reliable technique to measure the line-averaged electron density from the change of refractive index due to plasma. Traditionally, the far infrared (FIR) lasers and microwave oscillators are chosen for typical interferometer systems as probe sources in the desired operating frequency region for high temperature plasmas. However, the FIR lasers usually have a high cost and the maintenance is difficult. The solid state terahertz sources have the advantages of compact size, long lifetime, easy maintenance and low cost. With the rapid development in terahertz technology, the solid state sources have extended from several hundred gigahertz to several terahertz with modest output power (∼mW) in recent years. The FIR lasers have been/will be replaced by the solid state sources on some fusion devices [51] . In this work, a terahertz interferometer with the probe frequency of 0.3069 THz is developed. Figure 7 shows the schematic diagram of the terahertz interferometer on the HL-2A tokamak. The system includes two synthesizers and two active multipliers for heterodyne detection with sensitive amplitude and phase measurements. Two synthesizers with high frequency stability (±0.01 ppm) and low SSB phase noise (−85 dBc/Hz@1 kHz) at microwave frequencies of 17 GHz and 17.05 GHz, are used to drive the active multipliers (X18), respectively. The active multipliers (X18) utilize the planar diodes to provide the probe wave at the frequency of 0.3069 THz and 0.306 THz with the output power of approximately 0.3 mW, respectively. The mixer used in the heterodyne detection system, is a Schottky diode detector, which is optimized for high sensitivity detection with minimum power response of −140 dBm and insert loss of −40 dB. Fabrication and bench tests for the terahertz interferometer system were completed in early 2018. The phase resolution of about 4 degrees, which corresponds to the minimum density sensitivity of (n e L) min =2.5×10 16 m −2 , and the temporal resolution of 1 μs have been achieved during the initial bench test. This system will be installed and carried out in the next HL-2A experimental campaign. 
Summary
About 18 microwave diagnostic systems have been developed and applied on the HL-2A experiment in recent years. Most of them have good temporal and spatial resolutions to support the productive studies in MHD, turbulence and transport, and energetic particle physics. Some new techniques, especially the low insert loss multiplexer, the low phase noise FFLMS, adjustable horn antenna system and direct demodulator, have been developed and applied in the multi-channel ECE, DBS, correlation reflectometer, and microwave imaging systems. These techniques provide significant flexibilities to improve the temporal and spatial resolutions of the microwave systems. Three new diagnostics including GHz sampling digital electron cyclotron emission, multi-channel correlation reflectometers, and solid state terahertz interferometers are developed/under developing, and will be applied on HL-2A in the next experimental campaign.
